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Introduction {#sec001}
============

Alveolar echinococcosis (AE) is a serious helminthic zoonosis caused by the metacestode stage of *Echinococcus multilocularis*, this parasitic infection can lead to severe damage to the human liver, lungs and other organs, and is potentially lethal when left untreated \[[@pntd.0003950.ref001]\]. AE is predominantly transmitted by foxes as the definitive host \[[@pntd.0003950.ref002]\] and is highly endemic in areas of Xinjiang, Qinghai, and Ningxia Provinces, as well as in the northeast of Inner Mongolia in China \[[@pntd.0003950.ref003], [@pntd.0003950.ref004]\]. The major treatment option for AE is radical surgery accompanied by pre- and post-operative medical treatment. Operative resection of lesions is frequently incomplete because of the tumor-like proliferation of the parasite with diffuse infiltration of other structures \[[@pntd.0003950.ref005]\]. In addition, most patients infected with AE are without specific symptoms at the early stage and often miss the opportunity for surgical therapy, usually resulting in a diagnosis of advanced AE disease \[[@pntd.0003950.ref006]\]. In cases where surgery is impossible, medical treatment remains an effective option. Albendazole (ABZ) is the most common and effective antiparasitic drug for AE treatment. However, owing to its limited solubility in water and the resulting poor intestinal absorption by oral administration, ABZ has low oral bioavailability, plasma level, and liver distribution\[[@pntd.0003950.ref007]\]. Moreover, ABZ usually involves the lifelong uptake of large doses of the drug, making the prevention of many severe adverse drug effects difficult \[[@pntd.0003950.ref008]\].

The fact that both Th1 and Th2 cytokines and chemokines coexist in AE patients \[[@pntd.0003950.ref009]\] suggests the presence of a mutual tolerance during the infection, which determines the growth of metacestode\[[@pntd.0003950.ref010]\]. Many studies have demonstrated that Th1-dominant response is related to parasite clearance, which is characterized by the production of IL-2, TNF-α, and INF-γ, whereas Th2-dominant response is necessary for parasite resistance to protective immunity, which results in the release of IL-4, IL-5, IL-6, and IL-10. The susceptibility of the parasite to immune attacks is mainly determined by the balance between Th1 and Th2 cytokine profiles in the host \[[@pntd.0003950.ref011]\].

Therefore, searching for novel candidate drugs for AE treatment is urgently needed to maximize antiparasitic effects \[[@pntd.0003950.ref012]\]. In recent years, several investigators have attempted to test potential drugs with in vitro and in vivo experiments using ABZ alone or in combination with other antiparasitic agents, such as praziquantel, 2-methoxyestradiol, nitazoxanide, and mefloquine, which have different parasiticidal and parasitostatic effects on Alveolar Echinococcosis\[[@pntd.0003950.ref013]--[@pntd.0003950.ref016]\]. Nevertheless, the long-term efficacy of the above administrations is unconfirmed, and none of them are currently available for clinical use. Formulating ABZ with special carriers has been a promising approach and may enhance its absorption and bioavailability if taken orally \[[@pntd.0003950.ref017]\].

Chitosan (CS) is a biodegradable natural polymer with great potential for pharmaceutical applications owing to its biodegradability, biocompatibility, non-toxicity, and mucosal adhesion \[[@pntd.0003950.ref018]\]. CS has been proven to increase the intestinal absorption and bioavailability of hydrophilic drugs substantially by increasing the paracellular permeability across the mucosal epithelia \[[@pntd.0003950.ref019]\]. CS has also been shown to improve the dissolution rate for poorly soluble drugs, thus warranting further research on its bioavailability enhancement for drugs used in AE treatment. Our research group has previously completed the pharmacokinetic studies and preparation technology of albendazole-chitosan microspheres (ABZ-CS-MPs) and has opened a patent \[[@pntd.0003950.ref020]\]. Furthermore, based on previous work, the antiparasitic efficacy of ABZ-CS-MPs against cystic echinococcosis in an experimental murine model was performed, and results showed that the efficacy of ABZ-CS-MPs was superior to liposome--albendazole(L-ABZ) and albendazole tablet (ABZ-T) \[[@pntd.0003950.ref021]\]. Based on the above in vivo experiment, this study aims to determine the antiparasitic efficacy of ABZ-CS-MPs against secondary AE in a murine model.

Materials and Methods {#sec002}
=====================

Chemicals and drugs {#sec003}
-------------------

All biochemical reagents were purchased from Sigma Co., unless otherwise stated, with reference standards of 97%-98%. Solvents (acetonitrile and methanol) used in the extraction and drug effect analysis were high-performance liquid chromatography (HPLC) grade and purchased from Sigma Co. L-ABZ was produced by the Department of Pharmacy, the Affiliated Hospital, Xinjiang Medical University (No. 130218). ABZ-T was a gift from Tianjin Schick Pharmaceutical Co., Ltd (TSKF, Tianjin, China, No. 12060336).

Preparation of ABZ-CS-MPs {#sec004}
-------------------------

ABZ-CS-MPs were prepared by emulsification cross-linking, with liquid paraffin as the oil phase, CS as the aqueous phase, Span 80 as the emulsifier, and glutaraldehyde as the cross-linking agent. The particle size distribution and average size of the MPs were analyzed using an optical microscope ([Fig 1](#pntd.0003950.g001){ref-type="fig"}). The ratio of aqueous phase to oil phase was 1:5. The procedures performed were as follows (i) ABZ (100mg) was dissolved in acetic acid (1ml) in a flask and hand-shaken until completely dissolved. (ii)The flask containing the ABZ solution was placed in an ultrasonic bath, and distilled water (19 ml) was gradually poured in. CS was then rapidly added. (iii) The aqueous phase was stirred for 24 h using a magnetic stirrer at a low speed. (iv) For the oil phase, Span 80 was added dropwise to the liquid paraffin using an insulin syringe needle while rapidly stirring. (v) Then aqueous phase was then mixed with the oil phase in a flask under rapid stirring. (vi) Embedded glutaraldehyde in the above mixed solution was stirred for a while, and the supernatant of of mixed suspension was then centrifuged and removed. (vii) Petroleum was then added to the flask, which was centrifuged before supernatants were removed. NaHSO~3~ was then added, and the flask was again centrifuged before supernatants were removed. (viii) Finally, absolute ethanol was added to the flask, and the solution was placed in a Petri dish, dried, and stored at room temperatures until use. The drug encapsulation efficiency was 80% and the drug loading efficiency was 11.4%.

![Albendazole chitosan microspheres (ABZ-CS-MPs).\
ABZ-CS was successfully entrapped by MPs (black arrows) (A: 40×, bar = 500 μm), (B: 100×, bar = 200 μm), (C: 200×, bar = 100 μm), (D: 400×, bar = 50 μm).](pntd.0003950.g001){#pntd.0003950.g001}

Preparation of different ABZ doses {#sec005}
----------------------------------

i.  ABZ-CS-MPs were prepared by adding ABZ-CS-MPs powder to 0.9% saline solution shaking for 30min until completely mixed. Aliquots of aqueous suspension (0.2 ml) of ABZ-CS-MPs were diluted to final concentrations of 37.5, 75 and 150 mg/mg. Each formulation was freshly prepared before administration.

ii. L-ABZ oral solution was mixed with 0.9% saline solution under shaking for 30min until completely mixed, Aliquots of aqueous suspension (0.2ml) of L-ABZ were diluted to final concentrations of 37.5, 75, and 150mg/mg. Each formulation was freshly prepared every day and stored at 4°C until use.

iii. ABZ-T was crushed and added to0.9% saline. Aliquots of aqueous suspension (0.2 ml) of ABZ-T were diluted to final concentrations of 37.5, 75, and 150 mg/kg. Each formulation was freshly prepared every day before administration.

iv. Control animals were orally administered with equal volumes of saline. ABZ (0.2 ml) was prepared for experimental and control groups and administered via intragastric inoculation.

Infection of *E*. *multilocularis* in mice {#sec006}
------------------------------------------

*E*. *multilocularis* metacestodes were originally isolated from naturally infected Mongolian gerbils for 24 weeks and used as source of *E*. *multilocularis*. Gerbils were euthanized by breaking their cervical vertebrae. Metacestode tissues were then removed from the peritoneal cavity and were minced well using scissors under sterile conditions. Minced tissues were suspended in sterile phosphate--buffered saline (PBS, pH 7.4) containing penicillin (20μg/ml) and then filtered through a mesh. The sediment containing fragments of vesicles, protoscoleces and calcareous corpuscles was washed with PBS three times to remove necrotic tissues and blood components. A 20% (sediment volume/total volume) suspension was prepared and stored at 4°C until use. The vitality of the protoscoleces was monitored using the methylene blue exclusion technique and the protoscoleces vitality obtained for this study was 90%. The number of intact metacestodes in 60μl was microscopically determined and 0.2ml of suspension containing 3,000 live protoscoleces was injected into multiple subcutaneous points at the lateral part of the abdomen on both sides of the mouse. Control mice received 0.2ml of saline in the same way. Three months (12 weeks) after infection, mice with successful inoculations were selected for further experimentation.

Experimental design and treatment efficacy {#sec007}
------------------------------------------

A total of 220 male outbred Kunming mice weighting 20±5 g were utilized for in vivo experiments, Animals were housed in a temperature-controlled (23 ± 1°C), light-cycled (12 h light/dark cycle) room. Food and water were provided ad libitum. Animal experiments were carried out according to China Animal Welfare Guidelines (No. 2012--003--01).

At the 12th week after establishing experimental secondary AE in mice, the mice were grouped into five. Group 1 mice comprised 20 healthy mice as uninfected controls. The infected mice were randomly divided into four groups for oral administration of relevant treatments three times a week for 12 consecutive weeks. Group 2 mice comprised 20 infected mice as infection controls, only receiving 0.9% saline solution. Group 3 mice were administered 0.2 ml of ABZ-CS-MPs suspension. Group 4 mice received 0.2 ml of L-ABZ suspension. Finally, Group 5 mice received 0.2 ml of ABZ-T suspension. Mice in Groups 3, 4, and 5, were further categorized into 3 subgroups per group. Each subgroup was composed of 20 mice and was administered with 37.5, 75, or 150 mg/kg of ABZ. Each group of experiment data was analyzed according to their doses. Mice infected with *E*. *multilocularis* were euthanized 8 h following the final administration of ABZ suspensions. Blood samples from sacrificed animals were collected in heparinized plastic tubes immediately after euthanasia. Blood samples were centrifuged at 4000 × g for 15 min, and the recovered plasmas were stored at −80°C.

For assessing secondary infections, *E*. *multilocularis* vesicles were collected on the same days from sacrificed mice in Groups 2, 3, 4, and 5. Parasite samples on mouse tissues were carefully removed from the peritoneal cavity, and the parasite biomass was weighed for each mouse. The suppressive effect of cyst weight was calculated as the parasite inhibitory rate. The mean cyst wet weight was expressed as mean ± standard deviation (SD). The mean cyst weight of each ABZ-treated group was compared with that of the control group according to the following formula: $$\text{AE\ vesicle\ inhibitory\ rate}\ \left( \% \right) = ((C–T)/C) \times 100\%$$ where *C* is the average wet weight of AE vesicle in the infected control group and *T* is the average wet weight of AE vesicles in the treatment group.

Morphological changes of *E*. *multilocularis* in mice {#sec008}
------------------------------------------------------

At the 24th week, all the mice from treated groups were euthanized and metacestodes that developed in the liver were photographed to assess the morphological alterations. The photographs were then compared among groups treated with ABZ-CS-MPs, L-ABZ, and ABZ-T, as well as the infected controls.

Histology and transmission electron microscopy (TEM) {#sec009}
----------------------------------------------------

A portion of the peripheral area of infected liver tissue with parasite vesicle samples was fixed in 10% neutral-buffered formalin at 4°C for 48 h. Pieces of infected tissues were dehydrated and embedded in paraffin wax, cut into several 2--5 μm-thick sections, and then stained with hematoxylin--eosin for histopathological examination.

A small piece of parasite material was processed for TEM. Briefly, metacestodes were fixed in 4% glutaraldehyde at room temperature for 2 h, followed by post-fixation in buffered 10% osmic acid for 1 h at room temperature. After dehydration, metacestodes were embedded in Epon 812 epoxy resin (Naguleswaran et al., 2006). Routine 0.5 μm ultrathin sections were stained with aqueous uranyl acetate followed by lead citrate before examination.

HPLC detection {#sec010}
--------------

### 1. Analytical methodology {#sec011}

1.1 Analytical procedures. Pure standard compounds of ABZ-SO and mebendazole (MBZ) were purchased from Sigma Co. These were diluted with methanol to give 0.11, 0.22, 0.44, 0.80, 1.75, 3.50, 7.00, and 14.00 μg/ml standard solutions for standard curve calibration and to add to drug-free plasma samples to determine the recovery. Drug-free plasma samples (200 μl) were spiked with standards to reach the following final concentrations: 0.11, 0.22, 0.44, 0.80, 1.75, 3.50, 7.00, and 14.00 μg/ml. MBZ (1.0 μg/ml) was used as internal standard for the ABZ-SO analysis. After mixing for 15 s, plasma samples (200 μl) were added to 0.3 ml of PBS (pH 7.4) in a tube and spiked with 1 ml of MBZ solution. The tube was shaken on a slow rotary mixer for 10 min and centrifuged at 18,000 × g for 15 min. The supernatants were removed, and ethyl acetate (1 ml) was added to the previous tube, which was shaken and centrifuged following the above procedures. Sample tubes were then placed in an ultrasonic bath at 60°C until the supernatant was evaporated completely. Finally, 20 μL of this solution was injected into the chromatographic system.

1.2 Chromatographic conditions

Chromatography was performed on a Waters e2695 HPLC system (Waters Corporation, USA) with two pumps, an autosampler with a 50 μl loop, and a detector (2998 PDA) reading at 295 nm. A C18 reversed-phase column (5 μm, 250 mm × 4.6 mm, Waters, Sunfire, Part No: 186002560, Ireland) was used to analyze ABZ-SO. The calibration curves for each analyte, which were constructed by least-squares linear regression analysis, showed good linearity, with correlation coefficients of ≥ 0.995. The obtained ABZ-SO quantitation limit was 20 ng/ml, and inter-day precision were 5.33% (0.64 μg/ml), 5.11% (1.92 μg/ml), and 10.04% (5.76 μg/ml).

Mean absolute recovery percentages for concentrations ranging between 0.64 and 5.76 μg/ml (*n* = 5) were 103.04% (0.64 μg/ml), 99.82% (1.92 μg/ml), and 98.15% (5.76 μg/ml), with coefficients of variation (CV) of 5.4%, 3.8%, and 2.4%, respectively. The limit of quantification was defined as the lowest measured concentration with a CV ≤ 20% and accuracy of ≥ 70%. The flow rate was 0.78 ml/min. Under these conditions, the retention times were 4.433 and 9.681 min for ABZ-SO and MBZ, respectively.

Serum concentrations of IL-2 and IL-10 {#sec012}
--------------------------------------

Capture enzyme-linked immunosorbent assay (Capture ELISA) was used to determine the concentration of cytokines IL-2 and IL-10 in serum of mice from all the experiment groups after necropsy was performed at weeks 18 and 22. IL-2 and IL-10 were used as marker cytokines for the Th1 and Th2 responses, respectively. Serum concentrations of IL-2 and IL-10 were determined by ELISA commercial kits (IL-2 and IL-10 high sensitivity ELISA kits, USCN, Wuhan, China), according to the manufacturer's instructions. The two cytokine-specific immunogens for IL-2 were Ala21 and Gln169, and those for IL-10 were Ser19 and Ser178 (USCN, Wuhan, China). The detection limit of the assay for both cytokines was 6.2 pg/ml.

Statistical analysis {#sec013}
--------------------

Statistical analyses were performed using SPSS for Windows, version 20.0. Differences among the 10 experimental groups were analyzed using ANOVA, with *P* values of \< 0.05 considered statistically significant. Parasite weights were compared using one-way ANOVA testing (two-tailed) and Dunnett's T3 test for multiple comparisons. Cytokine levels were compared by one-way ANOVA testing (two-tailed) and Fisher's least significant difference test. A non-parametric test (Kruskal--Wallis test) was used to compare pharmacodynamic data obtained from the three experimental groups.

Ethics statement {#sec014}
----------------

The animal study proposal was approved by the Institutional Animal Care and Use Committee of the First Affiliated Hospital, Shihezi University School of Medicine, with permit number 2012--003--01. All mouse experimental procedures were performed in accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals approved by the State Council of the People's Republic of China.

Results {#sec015}
=======

Reduced weight of parasite metacestode tissues after ABZ-CS-MP treatment {#sec016}
------------------------------------------------------------------------

[Table 1](#pntd.0003950.t001){ref-type="table"} shows the weights (mean ± SD) of parasite vesicles from untreated control mice and treated mice. The weights of parasite tissues from mice treated with ABZ-CS-MPs (0.176 ± 0.033, 0.123 ± 0.016, and 0.085 ± 0.029 g) were significantly less than those from infection control mice (1.565 ± 0.020 g, *P* \< 0.01) or those from ABZ-T treated mice (0.496 ± 0.095, 0.433 ± 0.069, and 0.337 ± 0.063 g, respectively, *P* \< 0.01). The parasite tissues removed from ABZ-CS-MPs treated mice weighed significantly less than those removed from ABZ-T treated mice in the 37.5 mg/kg subgroup (F = 10.248, *P* = 0.036), the 75 mg/kg subgroup (F = 12.504, *P* = 0.012), and the 150 mg/kg subgroup (F = 8.142, *P* = 0.029). ABZ-CS-MP therapy significantly reduced the growth of larval cysts, particularly in the 75 and 150 mg/kg subgroups. ABZ-CS-MPs had noticeable impact on the growth of the metacestodes in vivo (*P* \< 0.05). For example, the inhibitory rates were 92.13% in the 75 mg/kg subgroup and 94.56% in the 150 mg/kg subgroup in terms of reduced weight of parasite tissues relative to the infection control group. However, the weights of parasite tissues showed no apparent differences between ABZ-CS-MPs treated groups and L-ABZ treated groups (0.156 ± 0.020, 0.147 ± 0.026, and 0.137 ± 0.026 g, *P* \> 0.05), suggesting similar parasitostatic effects on the development of parasite tissue weights. Nevertheless, both drugs resulted in a significant reduction of parasite biomass compared to the ABZ-T treated group (*P* \< 0.01).

10.1371/journal.pntd.0003950.t001

###### Comparative distribution of recovered parasite weight in *Echinococcus multilocularis*-infected mice treated with different doses of ABZ-CS-MPs, L-ABZ, and ABZ-T.

![](pntd.0003950.t001){#pntd.0003950.t001g}

  Group                      Dose/Mg/kg-1   Number of survival mice   Weight of parasite vesicles   parasite inhibitory rate
  -------------------------- -------------- ------------------------- ----------------------------- --------------------------
  ABZ-CS-MPs treated group   37.5           14                        0.176±0.033                   88.75%
  75                         13             0.123±0.016               92.13%                        
  150                        13             0.085±0.029               94.56%                        
  L-ABZ treated group        37.5           13                        0.156±0.020                   90.03%
  75                         12             0.147±0.026               90.58%                        
  150                        13             0.137±0.026               91.23%                        
  ABZ-T treated group        37.5           11                        0.496±0.095                   68.31%
  75                         10             0.433±0.069               72.32%                        
  150                        9              0.337±0.063               78.46%                        
  Infection control group    0.2ml NS       13                        1.565±0.020                   0
  Uninfected control group   0.2ml NS       16                        0                             0

ANOVA analyses (one-way, two-tailed Dunnett's T3 multiple comparison) showed significant differences among all ABZ formula-treated subgroups (for 37.5 mg/kg subgroup, F = 10.248, *P* = 0.036; for 75 mg/kg subgroup, F = 12.504, *P* = 0.012; and for 150 mg/kg subgroup, F = 8.142, *P* = 0.029).

Furthermore, our results showed negative correlations between the weights of parasite biomass from infected mice with incremental drug concentrations. As shown in [Table 1](#pntd.0003950.t001){ref-type="table"}, higher administered ABZ concentrations corresponded to significantly lower weights of parasite biomass in ABZ-CS-MPs treated groups (*P* = 0.011) and ABZ-T treated groups (*P* = 0.067). None of the mice exhibited aberrant behavior throughout the entire treatment regimens, suggesting that the treatments employed had no noticeable adverse effects.

Histological alterations after drug treatments {#sec017}
----------------------------------------------

After oral administration of ABZ-CS-MPs and L-ABZ, the hydatid vesicles collapsed and the color of most lesions changed to yellow or cloudy white. The metastasis of hydatid vesicles was markedly suppressed. The sizes of liver surface vesicles significantly reduced in treated mice. Small calcified vesicles were observed on the liver surface ([Fig 2A and 2B](#pntd.0003950.g002){ref-type="fig"}). As shown in [Fig 2C](#pntd.0003950.g002){ref-type="fig"}, the liver surfaces exhibited large bubble-like vesicles, similar to tumor lesions. [Fig 2D](#pntd.0003950.g002){ref-type="fig"} revealed that (1) alveolar hydatid expanded in the liver; (2) vesicles on the liver surface were in limpid hydatid fluid; and (3) the liver was filled with transparent or translucent *E*. *multilocularis* mass with small degenerated lesions.

![Hepatic lesions of mice infected with *Echinococcus multilocularis*.\
(A) ABZ-CS-MPs treated group: Note the highly suppressed vesicular development and yellow discoloration. Metacestodes were obviously calcified. (B) L-ABZ treated group: Note the degeneration of the metacestode biomass on the liver and cloudy white discoloration. (C) ABZ-T treated group: Note the large metacestode biomass. (D) Infection control group: Note the striped translucent vesicles and large metacestode mass almost occupying the entire liver. All infected livers shown were chosen from the 75 mg/kg subgroups.](pntd.0003950.g002){#pntd.0003950.g002}

Histology revealed that, in the ABZ-CS-MPs treated mice group, (1) the alveolar architecture of the parasite was severely collapsed; (2) the germinal layer had cellular swelling and reduced number of cells; (3) dissolved or partially disappeared laminated layer was observed; and (4) host inflammatory cells (such as histiocytes, lymphocytes, neutrophils, and eosinophils) invaded the crushed vesicles, severely collapsing the laminated layer ([Fig 3A](#pntd.0003950.g003){ref-type="fig"}). In the L-ABZ treated mice group, we observed the following: (1) the laminated layer appeared to be broken and partially fragmented; (2) cells from the germinal layer exhibited partial defluvium, and laminated layer and coloboma appeared; and (3) inflammatory cells infiltrated the vesicles as well ([Fig 3B](#pntd.0003950.g003){ref-type="fig"}). In ABZ-T treated mice group, the following phenomena were apparent: (1) partial shedding and dissolving of the cells of the germinal layer were observed to be identical; (2) the laminated layer was weakly stained pink; (3) it displayed as homogeneously dissolved in the laminated layer; (4) proliferation of fibrous tissue was visible as a red hyaline deformation, and multifocal calcified tissues were observed; and (5) no inflammatory cells were observed ([Fig 3C](#pntd.0003950.g003){ref-type="fig"}). In the infection controls, (1) a large number of cysts were observed, often surrounded by host connective tissues, which is a characteristic structure of *E*. *multilocularis*; (2) clear laminated and germinal layers were observed; (3) cells from the germinal layer were dense; and (4) laminated layer was uniform in thickness ([Fig 3D](#pntd.0003950.g003){ref-type="fig"}).

![Histological sections of ABZ-treated and untreated metacestode tissue.\
(A) ABZ-CS-MP treatment: Note the high number of germinal layer cells dissolved and the partial dissolution of the laminated layer. (B) L-ABZ treatment: Note the thin, swollen structure of the laminated layer. (C) ABZ-T treatment: Note the irregularly thin laminated layer and the partially detached germinal layer cells. (D) Untreated infection control tissue: Note the intact, regular structure of the laminated and germinal layers. GL: germinal layer; LL: laminated layer; IC: inflammatory cell; FT: fibrous tissue; CT: calcified tissue; (200×).](pntd.0003950.g003){#pntd.0003950.g003}

The effects of different ABZ carriers on in vivo treatment were investigated using TEM, and we observed extensive tissue damage by parasites ([Fig 4](#pntd.0003950.g004){ref-type="fig"}). Metacestodes from untreated controls presented complete structures with an intact and densely packed germinal layer, well-defined regular laminated layer, and clearly delineated microtriches, with the tegument adjacent to the laminated layer ([Fig 4A](#pntd.0003950.g004){ref-type="fig"}). Distinct ultrastructural changes became evident and largely reduced microtriches, as well as pyknosis of mitochondria and cortical cells, were observed. The membrane structure of the germinal layer became obscure and loose ([Fig 4B](#pntd.0003950.g004){ref-type="fig"}). Vacuole degeneration occurred in the germinal layer, and a sheet of laminated layer disappeared, making the layer uneven. Nevertheless, the cellular membrane structure of germinal layer was still clear and degeneration of somatic cells (including interstitial cells and fibroblasts) was apparent ([Fig 4C](#pntd.0003950.g004){ref-type="fig"}). We observed fewer microtriches and a thin germinal layer with clear structure ([Fig 4D](#pntd.0003950.g004){ref-type="fig"}).

![Transmission electron microscopy (TEM) analysis of drug efficacy in mice infected with *E*. *multilocularis* metacestodes and treated with ABZ-CS-MPs, L-ABZ, or ABZ-T.\
(A) Untreated infection control: Microtriches (white arrows) appeared intact and were densely arranged with clear structure of laminated layer (LL). A large number of microtriches protrude well into the laminated layer. Cortical cell (Cor) was present (black arrow). (B) and (C) ABZ-CS-MPs and L-ABZ treatment: Note the complete absence of microtriches at the tegumental-laminated layer interface (white arrows). Metacestode tissue appeared severely damaged, with regression of the germinal layer. Structural integrity of the germinal layer was destroyed. Laminated layer sheets were lacking, with vacuolization (vac) of the tissue in germinal layer. (D) ABZ-T treatment: Tegument of laminated layer lessened. A: (5000×, bar = 5 μm); B: (8000×, bar = 2 μm); C: (8000×, bar = 2 μm); D: (8000×, bar = 2 μm).](pntd.0003950.g004){#pntd.0003950.g004}

High ABZ-SO levels in plasma in ABZ-CS-MPs treated mice {#sec018}
-------------------------------------------------------

Mice infected with *E*. *multilocularis* were orally administered three different carrier types of ABZ at incremental doses of 37.5, 75, and 150 mg/kg. ABZ-SO, as a major metabolite in the plasma of treated mice, can be determined by HPLC. As shown in [Table 2](#pntd.0003950.t002){ref-type="table"}, experimental mice treated with ABZ-CS-MPs and L-ABZ exhibited significantly higher levels of ABZ-SO in the plasma compared with mice treated with ABZ-T. Non-parametric test (Kruskal--Wallis) revealed that plasma levels of ABZ-SO in ABZ-CS-MPs treated mice reached higher levels than the ABZ-T treated mice in the 37.5, 75, and 150 mg/kg subgroups (*P* \< 0.001). In the 150 mg/kg treated subgroups, the plasma levels of ABZ-SO in mice treated with ABZ-CS-MPs were higher than those in mice treated with L-ABZ (*P* = 0.023). No significant differences were observed in ABZ-SO plasma levels between ABZ-CS-MPs and L-ABZ treated mice in the 75 mg/kg subgroups (*P* \> 0.05).

10.1371/journal.pntd.0003950.t002

###### Plasma concentration profiles of albendazole sulphoxide (ABZ-SO) in mice treated orally with ABZ-CS-MPs, L-ABZ, and ABZ-T, at doses of 37.5, 75, and 150 mg/kg.
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  Groups                     Dose/mg.kg-1   Plasma concentration of ABZ-SO M(P25,P75)
  -------------------------- -------------- -------------------------------------------
  ABZ-CS-MPs treated group   37.5           0.6785(0.5582,0.7823)
                             75             1.1011(0.9218,1.2090)
                             150            1.4035(1.1458,1.4910)
  L-ABZ treated group        37.5           1.0410(0.8865,1.1957)
                             75             0.8587(0.8305,1.4124)
                             150            1.0275(0.8372,1.3401)
  ABZ-T treated group        37.5           0.3141(0.2867,0.3317)
                             75             0.4307(0.3827,0.4933)
                             150            0.5409(0.4119,0.8135)
  Uninfected control group   0.2ml NS       0
  Infected control group     0.2ml NS       0

Serum levels of IL-2 and IL-10 cytokines {#sec019}
----------------------------------------

To relate the efficacy of different ABZ carrier forms and Th1/Th2 cytokine profiles, we measured serum levels of IL-2 and IL-10 cytokines as representative Th1 and Th2 markers, respectively. As shown in [Table 3](#pntd.0003950.t003){ref-type="table"}, serum levels of IL-2 in AE-infected control mice were significantly lower than those in uninfected control mice (*P \<* 0.05). The levels of IL-2 in mice treated with ABZ-CS-MPs were elevated compared with those in infected control mice at week 18 postinfection (*P \<* 0.05). At week 22 postinfection or 10 weeks after treatment, the levels of IL-2 in infected control mice were significantly lower than those in uninfected control mice (*P \<* 0.05). Strikingly, mice treated with ABZ-CS-MPs showed increased levels of IL-2 compared with mice in the infected control group, as well as in the ABZ-T treated group (*P \<* 0.05).

10.1371/journal.pntd.0003950.t003

###### Serum concentration profiles (mean ± SD) for IL-2 and IL-10 cytokines in weeks 18 and 22 from *E*. *multilocularis*-infected mice treated with ABZ-CS-MPs or ABZ-T (75 mg/kg) and control, infection control groups.
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  Groups                     IL-2         IL-10                     
  -------------------------- ------------ ------------ ------------ ------------
  ABZ-CS-MPs treated group   25.87±4.32   27.15±3.20   10.52±3.23   8.06±0.80
  ABZ-T treated group        19.02±3.03   19.90±3.35   16.34±2.63   13.72±2.85
  Uninfected control group   30.05±3.42   31.51±3.12   7.61±2.86    8.01±4.53
  Infected control group     18.53±1.50   19.04±1.44   16.73±1.74   14.84±2.76

High levels of IL-10 were detected in the infection control group compared with the infection control group at week 18 postinfection (*P \<* 0.05). By contrast, mice treated with ABZ-CS-MPs exhibited decreased levels of IL-10 compared with mice in the infected control and ABZ-T treated groups (*P \<* 0.05). Furthermore, serum levels of IL-10 in mice in the infected control group remained higher than those in mice in the uninfected control group at week 22 postinfection. Mice treated with ABZ-CS-MPs showed decreased levels of IL-10 compared with mice in the infected control group and in the group administered with ABZ-T (*P \<* 0.05).

Discussion {#sec020}
==========

ABZ has limited solubility in water, affecting its pharmacologic efficacy in clinical use. A slight increase in drug solubility has been shown to have major influence on intestinal absorption and resultant pharmacokinetic behavior \[[@pntd.0003950.ref022]\]. Increasing the water solubility of ABZ using novel drug carriers is needed because orally administrated ABZ has not obtained a satisfactory effect for the medical treatment of AE patients. Nanoparticles have been studied as potential carriers of ABZ encapsulated in liposomes and have been reported to have promising results against AE \[[@pntd.0003950.ref023],[@pntd.0003950.ref024]\]. In this study, we prepared CS MPs as a carrier of ABZ to produce ABZ-CS-MPs and tested their in vivo efficacy against AE in a mouse model.

*E*. *multilocularis* metacestodes in infected control mice appear to be large, with translucent vesicles filled with hydatid fluid ([Fig 2D](#pntd.0003950.g002){ref-type="fig"}). ABZ-CS-MPs caused surface vesicles that developed on the liver to calcify and collapse significantly ([Fig 2A](#pntd.0003950.g002){ref-type="fig"}). This finding suggests that this formulation has increased the hepatic availability of the drug. After treatment for 12 weeks, medical treatment using ABZ-CS-MPs is effective in terms of reducing parasite weights compared with untreated controls and the ABZ-T treatment group. By contrast, ABZ-T treatment resulted in only slightly reduced parasite weights. The enhanced suppressive effects toward the growth of *E*. *multilocularis* metacestode tissues may be closely related to the features of MPs that can achieve sustained drug release owing to improved intestinal absorption, which promotes prolonged exposure of local metacestode tissues to ABZ metabolites \[[@pntd.0003950.ref025]\]. The cyst inhibitory rate in mice treated with ABZ-CS-MPs increased up to 92.13% in the 75 mg/kg dose subgroup and up to 94.56% in the 150 mg/kg dose subgroup, which were significantly higher than that in corresponding ABZ-T dose groups. This increased inhibitory rate is probably due to a synergistic effect of ABZ and the new carrier. The improved parasitostatic effect of ABZ is possibly caused by binding to parasite beta-tubulin, impairing cellular microtubular structures and inhibiting glucose uptake \[[@pntd.0003950.ref026]\]. Incremental increase in the concentrations of ABZ-CS-MPs significantly reduced the wet weights of cysts in mice in a dose-dependent manner. This finding warrants further studies to observe differences in adverse effects among different doses of ABZ in experimental mice.

Histology examinations have shown that cellular structures are damaged in both the laminated and germinal layers of *E*. *multilocularis* metacestodes in treatment groups. After treatment with ABZ-CS-MPs or L-ABZ, parasite metacestodes were drastically damaged, showing dissolution in the germinal and laminated layers with structural discontinuity and breakage. Our results demonstrate that the cellular structure of germinal layer disappears in ABZ-CS-MPs treated mice but still exists in ABZ-T treated mice and L-ABZ treated mice, which may be due to the suitable permeability and high tensile strength of CS \[[@pntd.0003950.ref027],[@pntd.0003950.ref028]\]. These properties of CS resulted in a better efficacy that may be attributable to its greater tissue penetration into cysts, causing further destruction of the germinal layer. Inflammatory cells in the pericystic layer infiltrate into the laminated layer, whose mechanism may involve the stimulation of immune responses \[[@pntd.0003950.ref029]\]. The increased efficacy of ABZ-CS-MPs was also demonstrated by TEM. The ultrastructural changes observed through TEM include the loss of the characteristic multicellular appearance of the germinal membrane and the loss of most of the microtriches after ABZ-CS-MP treatment, whereas only minor damages are observed on the structure of parasite tissues in mice treated with ABZ-T. This finding confirms the anti-parasitic effect of the new formulation from a different point of view.

ABZ-CS-MPs achieved significantly higher plasma levels of ABZ-SO than ABZ-T in different dose subgroups, in which the 150 mg/kg subgroup had a plasma level of ABZ-SO higher than that of the corresponding subgroup in L-ABZ. The improved uptake and absorption of ABZ were obtained when this poorly water-soluble drug is incorporated into CS-MPs. In particular, CS-MPs may play a role in altering the mechanism of ABZ so that it easily adheres to the intestinal epithelium and passes the gastrointestinal barrier; this results in progressive degradation that may promote prolonged retention and action, increasing drug absorption and digestive tract release \[[@pntd.0003950.ref030],[@pntd.0003950.ref031]\]. However, the specific mechanisms would need further physiologic investigations. A higher level of ABZ metabolites is also observed in mice treated with L-ABZ, possibly because of the usage of liposome entrapment of this drug. Nevertheless, our results presented are in agreement with those reported by Wen et al. \[[@pntd.0003950.ref023]\].

Dynamic balance between anthelminitic and host immune response is likely to influence the evaluation of drug efficacy. IL-2 can enhance host immunity and inhibit parasitic growth, inducing a Th1-type immune response; by contrast, IL-10 inhibits cytokine production by Th1 cells while exhibiting increased serum levels with infection progression, resulting in mainly Th2-type immune response \[[@pntd.0003950.ref032]\]. An immune imbalance indicated by a shift from Th1- to Th2-type host immune response occurs during *E*. *multilocularis* infection, which is beneficial in evading host immune attack, leading to disease development \[[@pntd.0003950.ref033]\]. This study investigated the effect of ABZ-CS-MP treatment on the balance between Th1- and Th2-driven cytokines by testing IL-2 and IL-10 levels. In the control group, serum IL-2 levels were significantly decreased in mice at week 18 and week 22 postinfection, whereas IL-10 levels were significantly increased compared with those of the controls (*P* \< 0.05). Compared with the model control and ABZ-T treated groups, the production of IL-2, a Th1-type cytokine, significantly increased, whereas the level of IL-10, a Th2-type cytokine, decreased within the period of ABZ-CS-MP administration. Our data imply that the higher levels of IL-2 in the ABZ-CS-MPs treated group compared with the ABZ-T treated group may be responsible for more intensive inhibition of the cyst growth. ABZ-CS-MPs inhibited Th2 response, as evidenced by a suppressed total level of IL-10 cytokine after ABZ-CS-MP therapy, leading to a shift from Th2-dominant immune response to Th1-dominant immune response \[[@pntd.0003950.ref034]\].

CS has been studied as a carrier for MP drug delivery. CS MPs are the most widely studied drug delivery system for the controlled release of drugs, antibiotics, anti-hypertensive agents, anticancer agents, proteins, peptide drugs, and vaccines \[[@pntd.0003950.ref035],[@pntd.0003950.ref036]\]. One of the possible advantages of CS carrier over potential novel drugs for the treatment of AE is its non-toxicity. When CS formulations without ABZ (i.e., placebo) were orally administered to animals, a survival rate of 100% has been observed in experimental mice. In addition, no macroscopically differences were detectable between untreated and CS-MPs treated animals \[[@pntd.0003950.ref037]\].

In conclusion, our results, including morphological and histological findings, pharmacological performance, and immunological parameters, demonstrate that ABZ-CS-MPs are a promising treatment for AE in mice. ABZ-CS-MPs improved bioavailability and absorption of ABZ and increased levels of ABZ-SO, which is a major metabolite of ABZ, in plasma. The chemotherapeutic effects of ABZ-CS-MPs and L-ABZ in our in vivo experiment were found to be similar. Our observations warrant pharmacokinetic studies and bioassays to assess the viability and non-viability of parasites conclusively and optimize ABZ-CS-MP treatment. Xinjiang Province, China has a high incidence of echinococcosis and shepherds are the most afflicted by this disease \[[@pntd.0003950.ref038]\]. L-ABZ and ABZ oral emulsion are the main forms currently used clinically \[[@pntd.0003950.ref039]\] and these forms are presently used as oral liquids, which have high storage requirements and short shelf life. Using these drug forms on shepherds who live a nomadic life in remote areas with poor access to health care is thus inconvenient. ABZ-CS-MPs are in a solid form that can be manufactured in capsules or tablets, which can be easily delivered to those in need, particularly those who are nomadic. Therefore, given the merits of low cost, portability, and simple manufacturing, ABZ-CS-MPs are a promising drug in the treatment of AE.
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